Thermal treatment applied in association with a biological system allows for a significant reduction in excess sludge production (, 50%). In general, heat treatment is described as a sludge disintegration technique. This paper offers a thorough study on the impact of heat treatment, at temperatures below 100 8C, on the solubilisation of the sludge COD and its biodegradability. Discontinuous heating experiments were performed on activated and digested sludge. At all temperatures tested the released COD for digested sludge was systematically higher than that for activated sludge (15 and 40%, respectively, at 95 8C for 40 min of contact time). For the first 30 min, a 1st order kinetic, with respect to the residual COD, was systematically found. In the range of 40 -95 8C, digested sludge had a lower activation energy than activated sludge (26 kcal/mol compared to 70 -160 kcal/mol). COD solubilisation is thus more positively influenced by temperature in the case of activated sludge. This may be due to the significant difference in the ratio of protein/carbohydrate in digested and activated sludge (1-5 and 0.2 -0.7, respectively). The increase in the COD/TKN ratio in the solubilised fraction after thermal treatment of activated sludge suggests a preferential solubilisation of proteins over carbohydrates. Respirometric tests performed on the solubilised COD showed that whatever the sludge origin, only 40 -50% of released COD is biodegradable at a conventional hydraulic retention time (i.e. 24 h). Hence, heat treatment would act more through organic matter solubilisation rather than by a biodegradability increase.
Introduction
Sludge heating has been studied to improve sludge dewatering, to produce an available carbon source for biological nutrient removal (Henze and Harremoës, 1990; Barlindhaug and Ødegaard, 1996) or to increase the methanogenic potential of the sludge. Hygienisation is an additional benefit of sludge thermal treatment processes. When sludge heating is performed in order to reduce sludge production, sludge solubilisation would be required. In that case, two main temperature brackets are to be considered: temperatures either higher or lower than 150 8C (Camacho, 2001) . Temperatures around 160-200 8C are necessary to obtain liquidised sludge (Haug, 1978; Li and Noike, 1992; Tanaka et al., 1997) . For example, the commercialised Cambi w process was operated at 180 8C, 10 bars, 30 min contact time. More recently Vivendi Waters proposed the Bio Thelys w process that consists of a "soft" wet air oxidation (150 -175 8C, 15 bars, contact time between 30 and 60 min) (Chauzy et al., 2002 (Chauzy et al., , 2004 . Although rather high yields of sludge liquefaction are obtained with these processes, they are costly and require maintenance. Thermal treatment at temperatures lower than 100 8C applied to conventional biological system (activated sludge) allows for significant reduction of excess sludge production (ESP). Indeed, by applying a thermal treatment at 95 8C to an activated sludge from a primarily settled urban wastewater treatment (Camacho et al., 2003) , and from a synthetic wastewater treatment (Canales et al., 1994) , a 50% reduction in the ESP was observed. Very few studies characterised the effect of temperature below 100 8C on sludge degradability (Camacho, 2001) . There is a need for data to understand by which mechanism the treatments at low temperature act on sludge.
It is clear from the work of Salhi et al. (2003) that modifying all the so-called refractory particulate organic material into substances which are actually biodegradable must be achieved in order to reach a significant ESP reduction rate. The question whether the biodegradability change can be reached just by floc destructuration and molecule desorption, which significantly improves the matter availability to enzymes, or necessarily by a strong hydrolysis of the organic matter, is set up. Hence, the objective of this study is to bring a better insight on the effect of sludge heating at temperatures below 100 8C on solubilisation and change in biodegradability of the sludge organic and mineral fractions. Batch experiments were performed to determine the relation between sludge solubilisation, biodegradability of the sludge solubilised COD, and the heating treatment characterised by its temperature and the contact time. The effect of the sludge origin is considered.
Material and methods

Discontinuous experiments
In order to study the influence of thermal treatments, batch experiments were carried out on both activated and digested sludge. Major sludge characteristics are described in Table 1 . Closed reactors were used for thermal treatment as described by Camacho et al. (2002) . Water evaporation was limited due to the condensation of the water in the gas phase. The degree of solubilisation of C and N and biological degradation of the released organic matter were evaluated by measuring COD and TKN distribution and respirometric tests respectively, before and after ozone or thermal disintegration.
Distribution of the organic and TKN fractions
Total, particulate and "soluble" fractions of COD and TKN are considered. The soluble concept depends, of course, on the determination method. In this study, the soluble COD or TKN fractions, thus released in the bulk liquid during heat treatments, were determined through analysis of the COD or the TKN present in the supernatant of the sludge after centrifugation at 3,700 g during 20 min (COD ace or TKN ace ). This fraction can take into account a part of the colloidal and the total soluble fractions. Therefore, no distinction was made between the matter globally released from the sludge and the matter actually solubilised.
Biodegradability tests
Biodegradability tests of the organic matter solubilised during thermal treatment were carried out into two distinct laboratories leading to two distinct protocols. 1. For AS1, respirometric experiments focused on heterotrophic biomass (Oxygen Uptake Rate (OUR) measurement) were carried out in a batch sequenced respirometer according to Spérandio and Paul (2000) . 2. For AS2, a conventional BOD test was performed in a SAPROMAT BOD-measuring unit. Using centrifugation in the same conditions as described above, the supernatant was recovered and put into the BOD bottles. Total oxygen consumed during 30 d was quantified.
Analysis
All analysis: total suspended solids (TSS), volatile suspended solids (VSS), chemical oxygen demand (COD), Kjeldahl nitrogen (TKN), were performed according to the Standard Methods (1995) .
Results
Carbon organic release during heat treatment
Initially, the sludge was heated to 95 8C in batch reactors for different contact times using two activated sludges (AS1 and AS2) and one digested sludge (DS). Soluble COD was measured on a time basis and results are presented in Figure 1 . A significant COD solubilisation yield (Y SOL ) is observed during the first 10 min of treatment, 0.09-0.12 and 0.25 for AS and DS, respectively. After a 2 h contact time, Y SOL reached values around 0.15 for AS and 0.4 for DS. Additional analyses, beyond 2 h, were carried out on AS1. The rate of COD release decreased with time. Y SOL tends to an upper limit value of 0.35 (Camacho et al., 2002) . Therefore, a rapid solubilisation occurring during the first minutes is followed by a much slower solubilisation that continues for 24 h. In our study, the Y SOL obtained after a thermal treatment at 95 8C does not strongly depend on the TSS concentration but instead on whether the sludge origin is AS or DS. For digested sludge, the maximum solubilisation yield is reached very rapidly (around 30 min), whereas a significant release of COD matter is observed throughout a 24 h period for activated sludge. Figure 2 shows a compilation of literature data, regarding the effect of heat treatment at temperatures below 150 8C on the solubilisation yield obtained for AS (empty symbols) and DS (bold symbols). On AS, for a given temperature, Y SOL values vary showing the effect of the sludge origin. It may also reflect differences in the methodology for the "soluble" fraction determination. However, the Y SOL values are mainly lower than or equal to 30% except in the study of Wang et al. (1997) where much higher values (Y SOL ¼ 40-50%) are reported even at low temperature. For digested sludge, this observed yield seems to be higher than that observed for activated sludge, with a value of 0.4 at 80 8C.
The mechanism by which heating leads to COD solubilisation was questioned. Hence, the effect of a thermal treatment on sludge was further examined at temperatures of 40, 60, 70, 80 and 95 8C. Solubilised COD was measured against time for AS and DS at each temperature. The logarithm of the remaining particulate carbon was plotted against time for AS1 and for DS, as indicated in Figure 3a and b, respectively.
On both figures, two linear portions can be identified, one between 0 and around 30 min, the other after 30 min. For the first 30 min, the slope is higher than that observed thereafter. Though the matter solubilisation is certainly the result of many complex reactions, we make the hypothesis that the global solubilisation rate follows a first order with respect to the residual particulate COD and an Arrhenius law for the two parts of the curve. The logarithm of the first order kinetic constant was thus plotted vs the inverse of the temperature (K), as shown in Figure 4a and b for AS1 and DS, respectively. The activation energy (E A ) of the COD release for the different sludges tested was then calculated from the slope obtained. Values of E A are given in Table 2 . As shown in this table, the solubilisation yield of the particulate COD strongly depends on the temperature as shown by the rather high values of E A obtained for activated sludge. In addition, E A obtained with DS is lower than that obtained with AS1. These results confirm the dependence of the sludge COD solubilisation on the heating of the original sludge. Our E A values are in good agreement with those given by Wang et al. (1988) in the same range of temperature ( Table 2) .
Biodegradability of organic matter release
Beyond the potential of COD release by thermal treatment, great attention is paid to the biodegradability of organic matter released which plays a major role in a sludge reduction process. Figure 5 represents the biodegradability of the soluble organic matter expressed as a ratio between the BOD obtained on the solubilised COD fraction after 30 d or 24 h and the solubilised COD at a contact time of 10 h or 45 min. As seen in this figure, the biodegradability of the solubilised COD decreases with temperature in the considered Camacho (2001) This study Figure 2 Literature data compilation of Y SOL values obtained for a heat treatment at various temperatures below 150 8C and for contact times of 30 or 60 min range. Whatever the contact time at 95 8C, the biodegradability of solubilised COD for AS seems to reach an upper value of 0.3-0.35. Results are also given for conventional AS submitted to a continuous thermal treatment (for details see Camacho et al., 2003 Camacho et al., , 2004 . In that case, the treatment conditions are provided: temperature (T), treatment frequency (fp) and contact time (ct). For AS submitted to a regular heating treatment, the biodegradability increases.
Reduced nitrogen release TKN was measured on a time basis during thermal treatments at 65 and 90 8C ( Figure 6 ). Total TKN remains constant for 24 h for the two tested temperatures. Hence, no nitrogen lost is observed. However, around 40% of the particulate TKN is released in the bulk liquid. This release is more rapid at 90 8C than at 65 8C. In sludge, nitrogen is mainly found in proteins. The ratio COD ace /TKN ace may thus indicate the fraction of proteins in the considered phase. In sludge this ratio has been found in the range of 12-13. Table 3 gives values of this ratio obtained for AS1 and AS2, at 65 and 90-95 8C, for a contact time of 24 h. For AS1 and AS2 submitted to a batch heating treatment, the COD ace / TKN ace ratio decreases for temperatures between 60 -65 8C but remains rather constant for temperatures between 90 -95 8C. On the contrary, for AS submitted to regular heating treatment (PST), this ratio increases strongly. In the context of reduction of ESP, it is important to know the fate of the mineral matter. The mineral suspended solids (MSS) on suspended solids (SS) ratio is given on a time basis, for various temperatures, applied on AS2 (Figure 7) , and DS (Figure 8 ). The MMS/ SS value remains constant or even decreases for AS2 but systematically increases for DS. In the latter case, it is likely due to mineral retention into the sludge (due to precipitation, complex formations etc.).
Discussion
Heating treatment is an interesting candidate to apply to reduce the ESP when associated with a conventional biological process, an activated sludge or a digestion process. Data concerning the effect of heating at temperatures lower than 100 8C on sludge are scarce. Hence, our objective is to bring more information into this point. Using temperatures below 100 8C, the effect of heating on sludge COD solubilisation is limited as attested by the low Y SOL values obtained for AS1 and AS2 (0.1 and 0.35) and for digested sludge (0.4) even after a 24 h contact time. In all cases tested, solubilisation has a logarithmic feature and an upper limit is rapidly obtained. In general, it is not worth increasing the time of heat treatment because the sludge COD solubilisation rate strongly decreases after 30-60 min. Under our experimental conditions, sludge heating from 25 to 95 8C induces an energy variation of 14.7 kJ for a sludge mass of 3.7 g in MVS and a specific heat of water (4.17 J.g 21 .K 21 ). That is 447 kJ/mol of VSS (weight of biomass 113 g/mol). In theory, this transferred energy by the thermal treatment is higher than the energy of a noncovalent link (20-30 kJ/mol). Therefore, it should be sufficient to break the non-covalent links and to destroy and modify the sludge structure. However, within the complex structure of biological flocs, synergic effect of electrostatic, ionic and hydrogen bonds induces a significant increase in the global non-covalent energy that may reach values near that of covalent links (Neyens and Baeyens, 2003) . This can explain the only partial sludge destructuration for temperature below 100 8C. The photographs given in Figure 9 illustrate that heating to 100 8C does not destroy flocs. On the contrary, the flocs appear greater at 95 8C with a fluffy structure. BOD tests show that the biodegradability of the released organic matter is low (around 30 -50%) and decreases when increasing the treatment temperature. For digested sludge, an increase in temperature leads to a mineral retention into the flocs and thus, an increase in the MSS/SS ratio against the contact time. Our hypothesis is: by heating sludge at temperature lower than 100 8C, a part of the sludge material can be released by desorption or floc destructuration but no increase in the intrinsic biodegradability occurs. It is worth noting that the ESP reduction rate obtained with this system is equivalent to that of a traditional anaerobic digestion. Thus, the effect of the thermal treatment could have been simply to improve the availability of the already biodegradable matter. In addition, at 90-95 8C, a part of the matter, either organic or mineral, can be blocked into the flocs due to temperature dependent mechanisms (coagulation, precipitation etc.). The activation energy determined for the DS tested is, however, much lower than that of AS1. COD solubilisation is thus more positively influenced by temperature in the case of AS1 compared to DS. This may be due to differences in the structure and chemical sludge composition and notably in the distribution of dominant macromolecules present such as exopolymeric substances (EPS). These macromolecules are mainly proteins, polysaccharides, lipids and their associates. Morgan et al. (1990) found a protein/carbohydrate ratio of 1.1-2.8 for digested sludge, reaching 5 for other authors, whereas this ratio is much lower (0.2 -0.7) for activated sludge. These differences may explain the different behaviour of sludge with respect to heating. Indeed, Barlindhaug and Ødegaard (1996) found that carbohydrates and proteins contribute to 5-10% and 40-50%, respectively, of the solubilised COD during thermal treatment. The authors concluded that carbohydrates would be more easily hydrolysed but proteins would be easier to solubilise. Nevertheless, our data show that protein solubilisation (TKN release) depends on temperature applied.
Conclusion
The following conclusions concerning low temperature thermal treatment can be drawn. † Differences in solubilisation behaviour are observed depending on sludge origin that may be explained by the chemical structure of the sludge and/or temperature applied. † A limited biodegradability of organic fraction release is observed depending on temperature applied. † Differences in mineral matter behaviour are observed depending on sludge origin that may be explained by favourable conditions for precipitation, complex formations etc. The whole of the data obtained in this study, carried out within the framework of the European project, Ways of Innovation for the Reduction of Excess Sludge (WIRES), leads us to the following conclusion: a heating treatment at a temperature below 100 8C can accelerate the degradation of the biodegradable matter of sludge (increase matter availability by molecule desorption and floc destructuration) but cannot increase its intrinsic biodegradability (limited biodegradability of released COD). This conclusion partially explains the similar results in terms of maximal reduction of ESP obtained with a conventional AS process combined to continuous thermal treatment at 95 8C (55%, Camacho et al., 2003 Camacho et al., , 2004 and traditional anaerobic digestion (45-55%).
Always within the framework of the European project, a technical-economic approach of a thermal process combined with a conventional process was carried out. This process becomes completely competitive with conventional processes and particularly for large WWTP (Paul et al., 2005) .
